This paper describes some of the work done in the author's laboratory over the past 35 years. The research covers the following areas: the physiology of oral streptococci and their interactions; the physiology of some Gram-negative anaerobes and their interactions in relation to periodontal diseases; preventing the major dental diseases; and the future of oral microbiology.
INTRODUCTION
From the beginning of the last century it has been accepted that bacteria play a pivotal role in the aetiology of dental caries. However, this was not proven until the early 1960s and oral microbiology, as a discipline, did not gain momentum until the mid-to late-1960s. At this time, attention was focused on Streptococcus mutans, a group of organisms now referred to as mutans streptococci (MS). These organisms are not only acidogenic but also aciduric and, together with lactobacilli, are the dominant bacteria found in most carious lesions.
The physiology of oral streptococci and their interactions
Early studies in our laboratory concentrated on the distribution of MS in carious lesions and in plaque from sound tooth surfaces. 1 We also began to examine some of the organism's physiological characteristics, among which was the production of bacteriocins. These are proteinaceous antibacterial substances produced by many different bacteria and are usually active only against closely-related strains. Utilizing the production of, and susceptibility to, MS bacteriocins, *Microbiology Laboratory, Dental School, The University of Adelaide, South Australia.
of one or more nutrients, usually fermentable carbohydrate, and the rate at which they are supplied reduces bacterial growth rates. The technique of continuous culture is one in which the culture medium, deficient in one or more nutrients, is continuously supplied at a rate which, in turn, dictates the bacterial growth rate. This can be adjusted to that which is thought to occur in vivo. Not only can the continuous culture system be used to mimic the in vivo situation but, by controlling environmental parameters such as pH, temperature and gaseous atmosphere, the effect of these individual variables on microbial behaviour can be investigated.
The co-existence of bacteria in natural environments can often be explained in terms of competition for growth-limiting substrate(s). Since the outcome of such competition depends upon relevant growth parameters, such as substrate affinity and biomass yield, in collaboration with colleagues in The Netherlands, we determined the growth parameters for some oral bacteria. Perhaps the most striking finding was that some of the non-MS plaque streptococci, such as Streptococcus sanguis, completely consumed arginine (Arg). 5 The utilization of this amino acid, as an alternative source of carbon and energy, releases ammonia -thus favouring a pH rise and would therefore counteract the harmful effect of low pH on the tooth surface. Indeed, we demonstrated, by both in vitro and in vivo experiments that such organisms can dominate over MS when sufficiently high levels of Arg and low levels of fermentable carbohydrate are present. 6, 7 In a further series of experiments we demonstrated that, because of their peptidase activities, a number of common plaque organisms, such as S. sanguis, can obtain the metabolically important Arg from a variety of peptides and also from whole proteins, such as casein. 8, 9 Studies such as these indicate that the microbial homeostasis maintained in most sites throughout the human body can be disturbed by a number of environmental factors, such as nutrient availability. One of the best-documented examples of this is the outgrowth of the cariogenic MS when diets are high in fermentable carbohydrate, especially sucrose. The relationship between plaque bacteria and the host in health and disease has been well-delineated in Philip Marsh's "Ecological Plaque Hypothesis". 10 Implicit in this hypothesis is the concept that disease can be prevented, not only by inhibiting potential pathogens but also by interfering with those environmental factors modulating the selection and enrichment of such bacteria.
While continuous culture techniques, in which bacteria growing in the planktonic state have provided much useful information on the interactions of microbial communities in dental plaque, the notion that such communities in nature actually exist as biofilms on surfaces has recently been re-born. This biofilm mode of growth is advantageous for bacteria in a number of ways. For example, when organized in biofilms, they are less susceptible to anti-microbials and more resistant to immune defence mechanisms. Indeed, the concentration of an agent that kills planktonic bacteria may have to be increased by 10-1000 times to have the same effect as those grown as a biofilm. 11 However, this does not negate studies on planktonic bacteria since it has been shown that the metabolic behaviour of dental plaque communities grown as biofilms is essentially the same as that of their planktonic counterparts.
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Gram-negative anaerobes -periodontal microbiology
During the 1990s we focused our attention on some of the Gram-negative anaerobic bacteria thought to be involved in the aetiology of periodontal diseases. In particular, we investigated various aspects of the growth and metabolism of Fusobacterium nucleatum, a member of various bacterial consortia associated with these diseases. Moreover, in the development of dental plaque, and as this community becomes more complex, it is clear that F. nucleatum plays an important role as a "microbial bridge", facilitating co-aggregation between 'early' and 'late' colonizers. 13 We found that, when grown in chemically-defined media, the organism was able to ferment either simple sugars or amino acids to obtain energy. Much higher biomass levels were obtained from glucose, reflecting the fact that mixed acid fermentation of this sugar yields ca. 3ATP/mol of substrate while only 1ATP/mol is obtained from amino acid fermentation.
14 Also stemming from these studies was the observation that butyric acid, produced by the fermentation of both sugars and amino acids, is a potent inhibitor of human gingival fibroblast proliferation. 15 The metabolic versatility of F. nucleatum may, in part, explain its occurrence in widely-different oral niches. Further studies demonstrated that the organism could attack small peptides, releasing key energy-yielding amino acids. 16 One of the enzymes responsible for peptide cleavage was subsequently purified and found to be a cobaltactivated metallo-aminopeptidase. In addition, the importance of this enzyme in the nutrition of F. nucleatum was shown by the finding that specific enzyme inhibitors prevented growth in a complex medium but not in one which was chemically-defined; that is, containing free amino acids. 17 The organism appeared unable to attack proteins such as albumin -in plentiful supply in the (diseased) subgingival environment -but the endopeptidase activity necessary to provide small peptides would be provided by organisms such as Porphyromonas gingivalis with which it is often associated in diseased sites. This organism, strongly implicated in the aetiology of periodontal diseases because of its manifold virulence factors, is asaccharolytic and so obtains energy solely from amino acid fermentation. Working with colleagues at The University of Melbourne School of Dental Science, we found that the key amino acids appear to be serine (Ser), threonine (Thr) and Arg in free or peptide form. We also characterized the Ser/Thr uptake system. 18 Due to its extensive array of peptidases, P. gingivalis can grow on whole proteins such as haemoglobin and albumin. Thus, the efficiency with which peptides are utilized might be a key to the microbial ecology of Gram-negative anaerobes in the gingival sulcus.
Apart from its direct implication in periodontal diseases, we decided to investigate the possibility that the presence of F. nucleatum is essential for the establishment and survival of other periodontopathic bacteria in subgingival plaque, possibly protecting them from oxidative damage. It was found that the organism could grow and maintain a relatively low redox potential in the presence of 40 per cent oxygen in airdue mainly it seemed, to increased NADH oxidase activity. 19 Moreover, F. nucleatum was able to support the growth of P. gingivalis in aerated and carbon dioxide-depleted environments in which P. gingivalis, as a monoculture, was unable to survive. 20 However, the organism does possess some basic mechanisms enabling it to cope with moderate or transient oxidative stress. For example, we found that haemin, produced by the proteolysis of haemoglobin, can provide antioxidant protection. 21 Nevertheless, it relies on organisms such as F. nucleatum for its survival and replication in highly oxygenated environments. Thus, from an ecological viewpoint, control of species such as F nucleatum, which support the growth of pathogens such as P. gingivalis, might radically alter the pathogenic ecosystem in favour of the host.
Apart from oxidative stress, bacteria growing in or on the human body are, as previously mentioned, subjected to other stresses imposed by changes in environmental conditions. Such changes lead to the synthesis of proteins known as heat shock proteins (HSP). Two of these, GroEL (HSP60) and DnaK (HSP70), act as molecular chaperones in the assembly and folding of proteins and are considered to be immunodominant antigens in many human pathogens growing in vivo. Because they share common epitopes, they cross-react with HSP from human cells in which they also play a role in protecting from damage in response to stress stimuli. The presence of these common epitopes has led to the notion that chronic inflammatory reactions, such as periodontal diseases, may be due to defects in the body's ability to regulate anti-self compatibility. It has also been suggested that cross-reactive HSP responses may contribute to cardiovascular disease progression. 22 Since the complete gene sequence of F. nucleatum is known, we can define patterns of expression of gene products (proteins). This is the emerging science of "Proteomics", the biophysical technologies of which we have employed to show that when F. nucleatum is grown at elevated pH, such as occurs in the diseased periodontal pocket, both GroEL and DnaK are up-regulated. Further studies along these lines may reveal up-or down-regulation, according to environmental conditions, of other gene products potentially involved in virulence.
Preventing caries and periodontal diseases
In relation to caries prevention, public health measures are clearly the most effective since they avoid the need to rely on patient compliance. At present, water fluoridation remains the only effective choice. Of many other approaches that have been suggested, most are based on the thesis that MS are the major group of cariogenic bacteria. In this context, the reduction of MS numbers in first-time mothers, by strict adherence to oral hygiene, together with dietary advice, has been shown to delay or prevent transmission of these organisms to their off-spring -with a concomitant and significant reduction in caries. 23 Methods for specifically reducing MS levels include the use of the alcohol sugar (substitute) xylitol. However, for a number of reasons, including cost, its widespread use is not practicable. Much the same seems to apply to a number of other sugar substitutes and food additives. In relation to the chemical control of plaque, chlorhexidine, one of the most widely recommended, has limited effectiveness. In addition, it does not have a narrow anti-microbial spectrum. Thus, to minimize the risk of interfering with the overall microbial ecology of the mouth, the identification, in pathogens, of genes which are vital for their survival in vivo may facilitate the design of specific inhibitors of the gene product(s) based on the deduced properties of the protein(s). The incorporation of such compounds in toothpastes could be a useful public health measure -at least in developed countries.
A novel approach to reducing caries is that of "replacement therapy". Briefly, the idea is to colonize the mouth with an MS strain, genetically engineered to be defective in lactic acid production and to express elevated levels of mutacin, an anti-MS bacteriocin. In experimental animals, such a strain aggressively displaces indigenous MS and is of very low cariogenicity. 24 This probiotic concept has, of course, been applied to the gastro-intestinal tract where ingested lactobacilli and bifidobacteria, found in large numbers in commercial yoghurt, have been shown to control pathogens such as Salmonella, Shigella and E. coli. 25 Some anti-caries vaccines appear to be effective in animal models 26 but have not yet successfully been tested in humans. Apart from the choice of the appropriate immunogen(s), one of the problems with such vaccines lies in optimizing the timing and route of administration. In relation to periodontal diseases, it is doubtful whether a vaccine targeted to a specific pathogen, such as P. gingivalis would have a marked impact since consortia of organisms, possessing various virulence factors, have been implicated.
The future
Oral microbiology, as a discipline, has made significant scientific contributions, particularly in the areas of microbial attachment to surfaces and to the subject of mucosal immunology. In a more general way, attention has been focused primarily on characterizing dental plaque organisms and their potential roles in the major dental diseases. While the more recent application of molecular genetic techniques has greatly increased our knowledge of many of these bacteria, laboratory-accumulated information has not yet been translated into dental practice in terms of having a significant impact on these diseases. However, using such techniques it is probable in the future that many previously-unidentified but potentially pathogenic oral bacteria will be detected. As mentioned above, the science of proteomics may help to identify specific virulence determinants that may only be expressed in vivo. Even so, in order to understand disease aetiology, we need to know how pathogens interact with other indigenous, but non-harmful, bacteria: the "ecological approach".
In a broader context, periodontal microbiology and immunology may well assume greater significance in the future, since periodontitis has been linked to diseases such as atherosclerosis, pre-term birth abnormalities and arthritis.
